We present a numerical study of random packings made of nonconvex grains. These particles are built by the agglomeration of overlapping spheres in order to control their sphericity φ. The contact number C is found to be much larger than the coordination number Z, providing a significant difference with convex grains. The packing properties are found to be highly dependent on the morphological parameters of the grains : packing fractions as low as 0.3 have been reached. More importantly, the way nonconvex grains develop multiple contacts, i.e., interlocking, is found to be a relevant effect in such packings. Interlocking provides more stability to loose packings.
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I. INTRODUCTION
How a large number of particles can fill a volume is one of the most persistent problems in mathematics and science. For identical spheres, the packing fraction η, defined as the volume of all particles divided by the apparent volume of the assembly, has a maximum value of η fcc = π/3 √ 2 0.74, corresponding to the face-centered-cubic (fcc) lattice. When spheres are randomly packed, a broad range of values for the packing fraction are encountered : 0.60 < η < 0.64 = η RCP , far below η fcc (Random Close Packing). By playing with cohesive forces, loose assemblies could be generated with low η values [1] . Compaction experiments and simulations [2] [3] [4] have emphasized the slow dynamics that granular assemblies follow to approach jamming states from loose configurations. Numerous recent attempts have aimed to find a relationship between microscopic configurations and the global properties of a random packing [5, 6] . When nonspherical particles are considered, such as anisotropic objects, higher packing fraction values can be reached [7] . The local ordering of grains leads to rotational and translational time scales in the dynamics of the system [8] . The question of nonconvex particles has been recently addressed in this context [9] . This case is of crucial importance since multiple contacts can be found for two neighboring grains in opposition to a single contact for convex bodies [10] . Rotational motions should be strongly reduced for nonconvex grains. How the grain morphology will affect the physical properties of the packing is the fundamental question addressed in the present paper. We propose to study the impact of grain morphological parameters on the packing structures in numerical simulations. In the present work, the nonconvex particles are built by agglomerating spheres [11, 12] in order to obtain a specific shape. The grain size is adjusted in order to keep a constant volume (mass) for all considered particles. The structure of a grain is described by a central sphere of radius R with 14 overlapping spheres of radius R/2 placed around the central one. The shape of the grains is tuned by changing the relative distance between the central sphere and the overlapping smaller spheres. Table I gives the pictures of four typical nonconvex grains considered in our work. The resulting aspherical particles are described by morphological parameters such as the sphericity and the Feret diameters. The sphericity φ is defined by the ratio between the equivalent sphere area that has the same volume and the real area of the particle. This dimensionless parameter φ could reach values between 0 (fractal dust) and 1 (sphere). In this work, we consider values between φ = 0.494 and 1 (see Table  I for typical examples). The Feret diameter F is the distance between two parallel planes that are tangent to the particle. The Feret lengths are expressed in term of the sphere unit, i.e., the single characteristic length for φ = 1. For nonspherical particles, the minimum F min and maximum F max values are obtained over all plane orientations. They correspond to sieve mesh sizes to be used for selecting the considered grains. The ratio F max /F min is a shape factor which characterizes the particle anisotropy. Table I presents the values of the morphological parameters of four selected particles.
II. NUMERICAL MODEL
Our granular systems have been numerically simulated using the molecular dynamics (MD) approach [13] where friction and angular momentum are taken into account. Normal forces 
Here, d ij is the distance between the centers of the solids i and j . The constant k n is the normal stiffness. Its value is calculated in order to control the maximum deformation of the particles. (In our simulations, k n = 10 6 N/m). The dissipative component is taken into account by viscous forces according to the following law:
where the viscous constant γ n is a nontrivial function of the normal stiffness k n and the restitution coefficient ε [14] . The same restitution coefficient is used for both grain-grain and grain-wall collisions. 
where μ is a friction coefficient and k t is a purely numerical constant. Friction coefficient μ (0.4) as well as restitution coefficient ε (0.25) can be adapted to fit the intrinsic properties of the system. A complete description of MD simulations is given by Taberlet [14] . The granular piles have been initialized by a gravity free fall in a cylindrical container. They are composed of N = 1000 particles, each of them being composed of 15 spheres. The compaction process consists of a repeated cycle during which mechanical energy is injected (one tap) and is thereafter relaxed. During each tap, a vertical sinusoidal motion z = A sin ωt of the container is applied during one period. In this work, the tap intensity defined by the reduced acceleration = ( [1, 4] . The relaxation phase corresponds to a gravity fall until a stable position is reached by the pile. The cycle tap relaxation has been realized 500 times in our simulations. Figure 1 illustrates four typical configurations for a central grain and its neighborhood for the different selected shapes of Table I . Contacts are emphasized. As discussed above, multiple contacts can be seen between neighboring nonconvex grains. The average number of contacts will be analyzed below. From the pictures of Fig. 1 , one understands that more voids are 
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FIG. 2. (Color online)
The left plot presents the semilog evolution of the packing fraction η during the compaction process for four different particle shapes (those illustrated in Table I ). The curves presented in the right plot correspond to the packing fraction at different times t as a function of the sphericity φ. The left semilog plot of Fig. 2 presents the compaction dynamics for the particles presented in Table I . As a function of the tap number t, the packing fraction η t presents a slow evolution towards an asymptotic saturation η ∞ . The major part of the compaction process is realized during the 100 first taps. Thereafter, the process becomes much slower. The compaction curves are well fitted with the inverse logarithmic law,
proposed in earlier experimental, numerical, and theoretical works [2, 15, 16] . Two important parameters can be extracted from the fits: the asymptotic packing fraction η ∞ and the characteristic relaxation time τ . The right plot of Fig. 2 presents, respectively, η 0 , η 500 , and η ∞ values as a function of φ. While η 0 and η 500 are given by the simulations, η ∞ is obtained by fitting. As expected, complex morphologies lead to extremely low packing fraction values. Indeed, the initial random assembly, at t = 0, presents a large spectrum of packing fraction values from 0.30 to 0.55. The asymptotic values η ∞ are between 0.41 and 0.62. The latter value for spheres is a little bit smaller than η RCP due to the finiteness of our system. The difference between the various packing fraction curves, i.e., η ∞ − η 0 , seems to be independent of φ, meaning that the characteristic compaction time τ does not depend on the particle morphology. This is confirmed by the fits of the compaction curves giving τ ≈ 5 ± 2 for all investigated φ values. Although the grain morphology affects deeply the packing fraction of a random assembly, the compaction dynamics remains unchanged. This compaction dynamics is, however, tuned by the tap characteristics through parameters and , as shown for spheres in [4] . The effect of the grain morphology on the packing structure is probed by looking at the coordination number Z. This parameter corresponds to the number of neighbors with which at least one contact exists. This number should be compared with the total number of contacts C. Both parameters are averaged over the packing. Typical evolutions of those parameters in a semilog plot are shown in Fig. 3 . The mean coordination number Z increases as the assembly becomes denser. However, the amplitude of this phenomenon is extremely limited when φ ≈ 1 and remains smaller than 1 for φ < 1. The morphological parameters have little effect on the coordination number. Figure 4 exhibits Z as a function of φ for t = 0 and t = 500. Nevertheless, the number of contacts C is strongly affected by the parameter φ, as seen in both Figs. 3 and 4. The number of contacts increases abruptly when the shape differs from a sphere.
IV. DISCUSSIONS
It should be noticed that a remarkable effect takes place when the shape of the grains is modified: the packing fraction decreases while the number of contacts increases. Since the neighborhood (Z) remains unchanged, our numerical results imply that the interlocking of grains becomes more and more present when φ is reduced. Granular interlocking cannot be studied from the positions of the grains (through η or Z). However, it could be evidenced by looking at the rotational mobility of the grains. This mobility μ r is defined as the average angular displacement of the particles between two stable positions, i.e., before and after one tap. One has 
In this formula, n, t, and s are the vectors of the local base for the particle i. After 500 taps, the grain mobility μ r reaches nearly a steady state. Figure 5 presents this residual mobility as a function of φ. The rotational mobility is found to vanish when φ is reduced. This is a clear signature of grain interlocking. The relevant fundamental question is whether or not the interlocking of neighboring grains confers more stability to the random assembly. One would believe that more contacts would divide contact forces into components, inducing some fragility of the assembly. The probability distribution functions (PDF) of the normal contact forces are presented in the top graphic of Fig. 6 . As observed in the spherical case [17] , each contact force distribution follows an exponential law
where x is the dimensionless contact force N/mg. Both the mean and the standard deviation of f are given by λ −1 . The evolution of the ratio C/λ as a function of the sphericity at the initial and final states is presented in the bottom plot of Fig. 6 . This ratio represents the total force exerted onto a grain from its neighbors. This average contact force is seen to increase when the morphology deviates from the sphere. The difference between both states at t = 0 and t = 500 reveals the evolution of the force network during the compaction process. Large C/λ ratios indicate that nonconvex grains are more "pressed" than spheres, therefore reducing the possibility to move into structure.
V. CONCLUSIONS
In summary, the compaction process for aspherical grains has been studied. The nonconvex shape of the particles has a limited influence on the characteristic time of the compaction. However, grain interlocking and multiple contact are developing in the assembly as the grain shape is modified towards low sphericities. It has been shown that the force network is deeply affected by the grain shape and the occurrence of multiple contacts. Nonconvex grains lead to low density packings, which exhibit more stability than sphere packing.
